Geminiviruses are DNA viruses that replicate in nuclei of infected plant cells 30 using the plant DNA replication machinery, including PCNA (Proliferating 31 cellular nuclear antigen), a cofactor that orchestrates genome duplication and 32 maintenance by recruiting crucial players to replication forks. These viruses 33 encode a multifunctional protein, Rep, which is essential for viral replication, 34 induces the accumulation of the host replication machinery and interacts with 35 several host proteins, including PCNA and the SUMO E2 conjugation enzyme 36 (SCE1). Post-translational modification of PCNA by ubiquitin or SUMO plays an 37 essential role in the switching of PCNA between interacting partners during 38 DNA metabolism processes (e.g. replication, recombination, repair, etc.). In 39 yeast, PCNA sumoylation has been associated to DNA repair involving 40 homologous recombination (HR). Previously, we reported that ectopic Rep 41 expression results in very specific changes in the sumoylation pattern of plant 42 cells. In this work, we show, using a reconstituted sumoylation system in 43
interaction between viral proteins and the sumoylation machinery have been 140 described for plants so far. The only RNA-dependent RNA polymerase of the 141 potyvirus Turnip mosaic virus (TuMV), Nlb, is sumoylated and interacts with 142 SUMO3 from Arabidopsis (44). Knockout or overexpression of SUMO3 143 suppresses TuMV replication and attenuates the viral symptoms (45). The other 144 example is the interaction between the begomovirus protein Rep and SCE1 145 (37) . This interaction is essential for viral infection, since Rep mutants impaired 146 in SCE1-binding and plants with altered SUMO levels, showed reduced viral 147 replication (37, 46) . Transient expression of Rep in Nicotiana benthamiana 148 showed that the interaction between Rep and SCE1 does not alter the global 149 sumoylation pattern in planta, but rather may specifically influence SUMO 150 conjugation of a selected subset of host proteins (46). 151 In this study, we identify PCNA (Proliferating cell nuclear antigen) as such a 152 plant protein whose sumoylation is altered in the presence of the begomovirus 153 protein Rep. Using a reconstituted sumoylation assay in Escherichia coli, we 154 demonstrate that tomato PCNA is readily sumoylated at two different lysines 155 6 (K164 and K254). However, in the presence of Rep, SUMO attachment is 156 compromised at both these acceptor sites. This interference is specific for 157 PCNA, since Rep does not alter sumoylation of a control protein. It does also 158 not depend on the physical interaction between Rep and SCE1. Finally, we are 159 able to detect for the first time sumoylation of PCNA in planta and show that the 160 reduction of PCNA sumoylation exerted by Rep also occurs in plant tissues. 161
162

RESULTS 163
Rep modulates the sumoylation of PCNA 164 Ectopic Rep expression alters the sumoylation status of specific host proteins 165 (46) . Although full determination of the number and identity of these plant 166 targets will require a comprehensive proteomic analysis, proteins that both 167 interact with Rep and are known to be sumoylated are primary candidates. One 168 of such proteins is PCNA, since its sumoylation has been described for PCNA 169 homologues of yeast, Xenopus laevis, mammalians and Arabidopsis (47-53) 170 and tomato PCNA binds Rep from several begomoviruses (54, 55) . 171
Sumoylation of Arabidopsis PCNA has been described for both homologues 172 encoded in its genome (AtPCNA1 and AtPCNA2) using a sumoylation system 173 reconstituted in bacteria (52, 53) . In order to assess if tomato PCNA (PCNA) is 174 also sumoylated and if Rep then interferes with its sumoylation, we followed a 175 similar strategy and performed sumoylation assays in E. coli as described by 176 (56) . In this assay, all components of the sumoylation pathway (SAE1/2, SCE1, 177 and SUMO1) are expressed in E. coli together with a potential substrate protein 178 using an inducible system based on T7 promoters, where SAE1, SUMO1 and 179 the target protein are expressed as His-tagged proteins to facilitate protein 180 detection. Three compatible plasmids were co-maintained in E. coli in this assay 181 to simultaneously express: (i) mammalian His-SAE1, SAE2 and SCE1 (Ubc9) 182 from a polycistronic RNA, (ii) mammalian His-SUMO1, (iii) His-PCNA from 183 tomato, or alternatively His-PCNA and Rep as a polycistronic mRNA. Protein 184 expression was induced in cells co-transformed with the appropriate plasmids 185 and total protein extracts from these cells were analysed with western blots 186 7 probed with anti-PCNA, anti-SUMO1/2, anti-His or anti-Rep antibodies (Fig. 1) . 187 Cells expressing only PCNA displayed a band of the expected size (32 kD) 188 when the blot was incubated with anti-PCNA (Fig. 1, lane 1 ). An additional band 189 (PCNA-SUMO) of approximately 55 kD was detected when PCNA was 190 expressed together with the complete sumoylation machinery (E1/E2 and 191 SUMO) (Fig.1, lane 5) , but not when it was co-expressed only with the 192 sumoylation machinery without SUMO ( Fig. 1 lane 4) . Since the apparent mass 193 of this band matches the expected mass for a PCNA-SUMO dimer and a similar 194 band was detected when the blot was incubated with anti-SUMO or anti-His 195 antibodies, we conclude that this 55 kD band corresponds to mono-sumoylated 196 form of PCNA. This result indicates that tomato PCNA, like its yeast, 197 mammalian and Arabidopsis homologues, can be sumoylated. The extra protein 198 bands observed on the membrane by the anti-SUMO antibody are similar to 199 those reported previously (56) and likely correspond to free SUMO (SUMO) or 200 SUMO chains (dimers, trimers, etc.) . Similar bands were detected with the anti-201
His antibody. 202
When PCNA and Rep were co-expressed from the same plasmid as a 203 polycistronic mRNA, together with the complete sumoylation machinery 204 expressed from two accompanying plasmids, the intensity of the band that 205 corresponds to sumoylated PCNA (PCNA-SUMO) was drastically reduced (Fig. 206 1, lane 6). This reduction in intensity was also observed for a higher molecular 207 weight band (X1) detected by the anti-SUMO antibody. The size of this band is 208 consistent with PCNA with two SUMO peptides attached. However, this extra 209 band was not detected with anti-PCNA, arguing that it reflects a different protein 210 (complex). Together, these results demonstrate that sumoylation of tomato 211 PCNA is strongly reduced in the presence of Rep. When using an anti-Rep 212 antibody, a band corresponding to the expected molecular weight (44 kD) of the 213 viral protein Rep was detected ( Fig. 1, anti showed that only Rep and not C2 was capable of reducing the amount of 221 sumoylated PCNA, thus ruling out an unspecific interference with sumoylation 222 due to the simultaneous expression of PCNA and any given protein from a 223 polycistronic RNA ( Fig. 2A, lanes 7 to 9) . Expression of C2 was confirmed using 224 an anti-His antibody. 225
To determine if the Rep-mediated suppression of PCNA sumoylation is due to 226 the inhibition of SCE1 activity by the viral protein, we carried out a sumoylation 227 assay replacing PCNA with Arabidopsis Catalase 3 (CAT3), a known 228 sumoylation substrate (57). A C-terminal CAT3 fragment fused to a Flag epitope 229 was expressed in E. coli cells in the presence or absence of Rep. Again, 230 western blots were probed with anti-Flag, anti-Rep and anti-SUMO antibodies 231 ( Figure 2B ). In all proteins extracts, a band of approximately 35 kD 232 corresponding to the CAT3 protein was detected with the anti-Flag antibody 233 ( Fig. 2B , anti-FLAG). When CAT3 was co-expressed with the complete 234 sumoylation machinery (E1/E2 and SUMO), an additional band of 235 approximately 50 kD, consistent with mono-sumoylated CAT3, was detected 236 both with the anti-Flag (Fig. 2B , anti-FLAG, lane 5) and the anti-SUMO antibody 237 ( Fig. 2B , anti-SUMO, lane 5). When CAT3 and Rep were expressed 238 simultaneously from one plasmid as a polycistronic mRNA, together with the 239 sumoylation machinery expressed from the two accompanying plasmids, the 240 intensity of the band identified as sumoylated CAT3 remained unaltered (Fig. 241 2B, lane 6). This indicates that Rep expression does not affect the conjugating 242 activity of SCE1 in the E. coli assay in a generic way. Rep expression was 243 confirmed by probing the western blot with an anti-Rep antibody. 244
Tomato PCNA is sumoylated at the residues K164 and K254 245 Sumoylation of yeast PCNA occurs preferentially at K164, a residue conserved 246 in all PCNA proteins, and to a lesser extent at K127 (47). Sumoylation of yeast 247 PCNA K164 requires the SUMO E3 ScSiz1, whereas K127 sumoylation 248 proceeds without an E3 ligase in vitro and is mediated by ScSiz2 in vivo (47, 249 58) . Sumoylation at K164 has been observed in other species, such as chicken 250 cells, X. laevis egg extracts and mammalian cells (48) (49) (50) (51) 59) . In the in E. coli 251 9 reconstituted sumoylation, Arabidopsis PCNA was shown to be sumoylated 252 primarily at K254, although additional sumoylation was reported to occur at 253 other lysine residues (K13, K14, K20, K217, and K240), but not at K164 (52) . 254
In order to establish whether tomato PCNA also contains multiple SUMO 255 acceptor sites and to examine if Rep interferes with sumoylation at each site, 256 we performed sumoylation assays expressing tomato PCNA mutants where 257 lysines were replaced by alanines. To select PCNA lysine residues for 258 mutagenesis, we analysed a PCNA multisequence alignment and candidate 259 lysines were picked according to the following criteria: (i) the residue is 260 conserved in PCNA homologues of different organisms, (ii) the residue was 261 previously described as SUMO acceptor site in other PCNA homologues, (iii) 262 the residue is located in a predicted SUMO acceptor site using GPS SUMO-gp 263 and SUMOsp2.0 (60, 61) and/or (iv) the residue is located at the surface of the 264 PCNA three-dimensional structure. These analyses suggested the residues 265 K91, K164, K168, K190 and K254 to have increased probability to be 266 sumoylated, with K164 and K254 being the prime candidates ( Fig. 3A) . As a 267 first step, single and double mutants were generated for the residues K164 and 268 K254 and analysed in our sumoylation assay in E. coli. Co-expression of wild-269 type PCNA with the complete sumoylation machinery (E1/E2 and SUMO) 270 produced a double band (PCNA-SUMO) of the expected molecular mass of 271 sumoylated PCNA (Fig. 3B , lane 2): we did not observe this double band 272 before, due to a lower resolution in protein separation in our previous western 273 blots ( Fig. 1 ). This double band could represent PCNA monomers mono-274 sumoylated at two different positions. This phenomenon was previously 275 described for yeast and human PCNA, which when sumoylated at K127 or 276 K254 respectively migrated on SDS-PAGE gel at a different apparent molecular 277 mass than yeast PCNA SUMO-modified at K164 (47, 50, 62) . When PCNA 278 K164A was co-expressed instead of wild-type PCNA, a single band of 55 kD 279 (corresponding with the lower of the two bands obtained with the wild-type 280 PCNA) was observed (Fig. 3B, lane 4) . On the contrary, co-expression of the 281 single PCNA mutant K254A resulted in a decrease in intensity of the lower 282 band, while the intensity of the upper band remained unchanged at the levels 283 seen for wild-type PCNA (Fig. 3B, lane 6) . When the PCNA double mutant 284 10 K164A/K254A was expressed, the upper band disappeared entirely while a 285 decrease in the intensity was detected for the lower band, similar to situation 286 shown for the single mutant K254A (Fig. 3B , lane 5). These results indicated 287 that the double band detected with wild-type PCNA corresponds to two distinct 288 PCNA-SUMO adducts in which SUMO is attached to two different lysines, with 289 the upper band, being the result of sumoylation at K164 and the lower, at least 290 partially, the product of sumoylation at K254. To identify the alternative lysine 291 residue(s) responsible for the residual sumoylation of the lower band in PCNA 292 K254A, we performed sumoylation assays introducing into the PCNA double 293 mutant K164A/K254A additional mutations in each of the other selected lysine 294 residues (K91, K168 or K190). However, none of the additional mutations was 295 able to remove the weak band present in the double mutant K164A/K254A, 296 suggesting that lysine residues other than K91, K168 or K190 are sumoylated in 297 bacteria when K164 and K254 are mutated (results with the additional K91A, 298 K168A and K190A mutations are shown in Fig. S1 ). When co-expressing Rep 299 no lower band is detected and a large reduction in the upper band is observed 300 
Rep-mediated suppression of PCNA sumoylation is independent of the 303
Rep-SCE1 interaction 304
To gain insight into the mechanism of Rep-mediated suppression of PCNA 305 sumoylation, we analysed whether the physical interaction of Rep with SCE1 or 306 PCNA had a role. Previous work had mapped the SCE1-binding domain of Rep 307 between the residues 56-114, with the region 56-85 likely forming the core of 308 the interface with N. benthamina SCE1, while the region 86-114 may stabilize or 309 enhance this interaction. Replacement of the lysine residues K68 and K102 in 310 the binding region of Rep impairs its interaction with SCE1 and dramatically 311 reduces viral replication, indicating that the Rep-SCE1 interaction is required for 312 viral DNA replication 313 (37, 46). To determine whether the Rep-SCE1 interaction (37, 46, 54) is 314 required for compromised PCNA sumoylation, we performed a sumoylation 315 assay in E. coli co-expressing the Rep K68A/K102A double mutant, which does 316 11 not interact with N. benthamiana SCE1 (46). As expected, the double band 317 corresponding with sumoylated PCNA vanished when wild type Rep was co-318 expressed (Fig. 4 , lane 2). A similar reduction in the intensity of these two 319 bands was seen when Rep K68A/K102A was co-expressed (Fig. 4, lane 3) . 320
This indicates that, in the conditions of our sumoylation assay, the direct 321 interaction SCE1-Rep is not required for the Rep-mediated suppression of 322 PCNA sumoylation. 323
The residues of PCNA that contribute to its interaction with Rep seem to spread 324 across the protein, while the residues of Rep important for the interaction with 325 PCNA appear to be concentrated in the middle part of this viral protein, 326 spanning the residues 120-183 (54). To further investigate the mechanism of 327 interference, we carried out sumoylation assays expressing truncated versions 328 of Rep. Ten different Rep truncations were generated and expressed from the 329 same promoter as wild-type PCNA (Fig. S2A ). Expression of all these Rep 330 mutants could be successfully detected in protein extracts from E. coli by 331 western blotting using an anti-Rep antibody, except for Rep 1-68 , Rep 1-99 and 332
Rep 120-140 . These latter three truncations were expressed at low or undetectable 333 levels and therefore excluded from our sumoylation assays ( Analyses performed in bacteria with Arabidopsis PCNA1 by Strzalka and co-344 workers detected sumoylation on K254, but did not detect sumoylation of the 345 conserved K164 (52). However, our results imply in the case of tomato PCNA 346 that both residues can be sumoylated with a similar efficiency (Fig. 3B ). The 347 respective experimental approaches differ not only in the PCNA homologue 348 12 used, but also in the origin of the sumoylation enzymes used. We used an 349 assay previously employed to identify SUMO targets in Arabidopsis proteins 350 (63) originally developed by (56) extracts were analysed by western blot using anti-PCNA or anti-His antibodies 361 to confirm expression of the SUMO isoforms ( Fig. 5A ). Consistently with our 362 previous sumoylation assay with mammalian enzymes (Fig. 3B ), co-expression 363 of PCNA and human SUMO1 produced a double band of approximately 55 kD, 364 (Fig. 5A, lane 3) . This double band was also observed in the protein extract 365 from cells expressing either AtSUMO1 or -2, albeit at a slightly smaller 366 molecular weight due to a different in sequence of the Arabidopsis SUMOs 367 compared to the human SUMO1 (Fig. 5A, lanes 4, and 5 ). The same double 368 band was also detected in the presence of AtSUMO3, however its intensity was 369 noticeably reduced (Fig. 5A, lane 6) , even with the amount of mature free 370
AtSUMO3 being similar to that of AtSUMO1 or AtSUMO2 (Fig. 5A, lower when the single PCNA mutant K164A was tested (Fig. 5B, lanes 4 and 8) . 381 13 Expression of the single mutant K254A caused a decrease of the intensity of 382 the lower band, while the intensity of the upper band remained unaltered when 383 compared with wild-type PCNA (Fig. 5B, lane 5) . In the case of the double 384 mutant K164A/K254A, the upper band disappeared completely and the intensity 385 of the lower band was greatly diminished (Fig. 5B, lane 6) . These results 386 indicate that tomato PCNA is sumoylated in vitro on the same lysine residues, 387 regardless of the origin of the sumoylation machinery used. 388
When PCNA and Rep were expressed simultaneously from the target plasmid 389 as a polycistronic mRNA, together with the Arabidopsis sumoylation machinery 390 (AtSAE/SCE1 and AtSUMO1), the intensity of the two bands identified as 391 mono-sumoylated PCNA was greatly reduced compared to those produced in 392 the absence of Rep (Fig. 5C, lanes 3 and 4) , confirming the result obtained 393 using the reconstituted assay in bacteria (Fig. 1) . 394
In planta sumoylation of tomato PCNA is compromised by Rep 395
While sumoylation of plant PCNAs has been detected in bacteria using different 396 reconstituted sumoylation systems, sumoylation of PCNA remains to be proven 397 in plants cells, likely due to the low levels of modified PCNA available, probably 398 beyond the sensitivity threshold of the detection methods used. Increasing the 399 amount of sumoylated PCNA might allow us to infer if Rep also modulates the 400 post-translational modification status of PCNA in planta. To this end, we 401 transiently expressed Flag-tagged tomato PCNA (PCNA-Flag) together with 402 mature AtSUMO1 in young, not fully expanded N. benthamiana leaves (2-week 403 old plants), in which more cells are likely to be in the replicative stage of the cell 404 cycle (previous studies had shown that yeast PCNA is predominantly 405 sumoylated during the S-phase of the cell cycle (62). In addition, we subjected 406 the harvested leaf material to a heat shock at 37ºC for 45 min to increase the 407 levels of SUMO-conjugates (31). Western blots on PCNA protein immuno-408 purified with anti-Flag resin showed that PCNA accumulated in plants as 409 monomers, dimers and trimers (of approximately 35, 70 and 100 kD, 410 respectively) ( Fig. 6A, anti-flag) . These blots were also probed with anti-SUMO 411 antibody, revealing that the PCNA-Flag monomers were also sumoylated in 412 planta, giving rise to a band of approximately 50kD (Fig. 6A , anti-SUMO) 413 14 equivalent to that previously detected in bacteria using the Arabidopsis system 414 ( Fig. 5 ). When Rep from the begomovirus Tomato yellow leaf curl virus was co-415 expressed in planta in the same experimental conditions, the signal for the ~50 416 kD band decreased, suggesting that the levels of SUMO-modified PCNA were 417 lower when Rep was present (Fig. 6,anti-SUMO) . The presence of Rep (GFP-418 tagged) was confirmed by immunoblotting of total protein extracts with an anti-419 GFP antibody (Fig. 6, anti-GFP) . These results show for the first time that 420 PCNA is sumoylated in plant cells, and confirm that Rep also compromises 421 PCNA sumoylation in planta. 422
423
DISCUSSION
424
PCNA is a protein highly conserved in eukaryotes that controls cell cycle 425 regulation, DNA replication and DNA repair, through its interaction with DNA 426 and with a plethora of proteins involved in these processes. The switching 427 between these different PCNA functions is modulated by its post-translational 428 modification status, mainly ubiquitination or sumoylation, which facilitates or 429 hinders the interaction of PCNA with specific binding partners, providing a 430 mechanism to control PCNA function (64, 65) . PCNA sumoylation has a 431 conserved role in inhibiting homologous recombination (HR) (47, 64, 65) . 432 SUMO conjugation is mediated by the sole SUMO-specific E2 enzyme SCE1. 433
Additionally, sumoylation at K164 requires the SUMO E3 Siz1 in yeast, whereas 434 at K127 is modified by yeast Siz2 in vivo but this latter modification also 435 proceeds without an E3 in vitro (47, 58) . 436
Sumoylation of the two PCNA homologues (PCNA1 and PCNA2) present in 437
Arabidopsis has been described using a reconstituted sumoylation system in E. 438 coli (52, 53). In the first report, sumoylation of PCNA1 was detected using 439 Arabidopsis AtSUMO1 and AtSUMO3, while in the second, the authors showed 440 efficient sumoylation of PCNA1 and PCNA2 using S. cerevisiae SUMO (Smt3) 441 as well as AtSUMO1, -2, -3 and -5. In this work, we show that tomato PCNA is 442 also sumoylated in vitro by human SUMO1 and AtSUMO1 and 2 (Fig. 5) . 443
However, sumoylation of PCNA with AtSUMO3 was notably inefficient 444 15 compared to that obtained with the other SUMO homologues, in spite that all 445 SUMOs were expressed in the bacteria to similar levels (Fig. 5 ). Taking into 446 account that all the sumoylation enzymes used in both works were the same, 447 this divergence must be due to the PCNA origin. The difference in sumoylation 448 observed when using AtSUMO1/2 or AtSUMO3 is not a surprise since, like their 449 mammalian counterparts, the Arabidopsis SUMO paralogues have acquired 450 distinct expression patterns and biochemical properties (22, 39) . For example, 451 AtSUMO1/2, which are almost identical, are better substrates for conjugation 452 than AtSUMO3 (66). The fact that S. cerevisiae PCNA is sumoylated when 453 using the Arabidopsis enzymes (52, 67), tomato PCNA can be equally modified 454 by mammalian as well as Arabidopsis SUMO-conjugating enzymes and SUMO 455 peptides, indicates the high level of functional conservation of the mechanism to 456 sumoylate PCNA. 457
Sumoylation assays of tomato PCNA identified two modification products with a 458 similar molecular weight (Fig. 3B ) that likely correspond to tomato PCNA 459 monomers mono-sumoylated at two alternative sites (K164 versus K254). Such 460 phenomenon was previously described for yeast PCNA, which migrated on 461 SDS-PAGE electrophoresis with a different apparent molecular mass when 462 sumoylated at K127 or K124 (47, 62) . In none of the experiments in bacteria 463 using the Arabidopsis or mammalian sumoylation enzymes, we have identified 464 bands corresponding to tomato PCNA monomers simultaneously modified with 465 two SUMO molecules (PCNA-2xSUMO), indicating that (i) the simultaneous 466 modification of both lysine acceptor sites of one PCNA monomer or (ii) the 467 formation of a SUMO chain (di-SUMO) on one acceptor lysine are both more 468 inefficient than previously suggested for Arabidopsis PCNA (52). Considering 469 that tomato PCNA could be efficiently sumoylated at each of two lysine acceptor 470 residues in an alternate fashion, the lack of PCNA molecules attached to two 471 SUMO peptides simultaneously could suggest that some hierarchy is 472 established in the sumoylation of the lysines. Whether inhibition of the 473 consecutive modification of both lysines with SUMO was (i) due to the 474 biochemical characteristics of the sumoylation systems when expressed in 475 bacteria or (ii) the absence of additional components such as SUMO E3 ligases, 476 remains to be analysed. Interestingly, previous data showed that, in bacteria, 477 the expression of the Arabidopsis SUMO E3, AtSIZ1, does not impact the 478 sumoylation of Arabidopsis or S. cerevisiae PCNA isoforms (52, 67) . 479
In recent years several analyses have been carried out in planta to identify plant 480 SUMO targets (24, 32, 63, (68) (69) (70) (71) . The dynamic nature of the sumoylation 481 pathway, where SUMO proteases play a major regulatory role to determine the 482 fraction of a protein which remains sumoylated, represents a technical 483 challenge to identify proteins modified by SUMO. In fact, PCNA sumoylation 484 has not been detected in any of the above-mentioned studies, and even the use 485 of plant material containing a large proportion of dividing cells as PCNA source, 486 or transiently expressing PCNA in leaves, has failed to prove PCNA 487 modification in planta (52). In this work, we show for the first time that plant 488 PCNA, as its animal and yeast homologues, is indeed sumoylated in plant cells. 489
The determinant use of a heat-shock to increase the accumulation of SUMO 490 (31) allowed us to detect the sumoylation of a PCNA monomer when transiently 491 expressing all proteins in N. benthamiana leaves. Interestingly, labelling of 492 PCNA at the C-terminus with a Flag epitope does seemingly not interfere with 493 its ability to interact with itself forming dimers or trimers. 494
The analysis of PCNA containing point mutations in lysine residues selected for 495 their likelihood to be sumoylated allowed us to show that, in bacteria, tomato 496 PCNA is preferentially sumoylated at two residues that are conserved in all 497 eukaryotic PCNAs, K164, a residue reported to be sumoylated in yeast and 498 animal, and K254. Although both residues are at the surface of the PCNA ring, 499 they are located at opposite sides of the PCNA ring: K164 is at the back side, 500 while K254 is at the front side of this ring. The weak band detected in the 501 assays with the double mutant K164A/K254A with a molecular weight 502 intermediate between the double band detected with wild-type PCNA suggests 503 that, in the absence of those two residues, another yet unidentified lysine can 504 be sumoylated. Whether or not that corresponds to a true third SUMO acceptor 505 site or its modification is an artefact caused by the absence of the other two 506 sites remains to be clarified. 507
Previous work with Arabidopsis PCNA identified K254 as one of the residues 508 sumoylated in bacteria, yet failed to detect sumoylation at K164 (52). Although 509 this study used a reconstituted system consisting of Arabidopsis proteins similar 510 to the one used here, there are some experimental differences that could 511 explain this apparent discrepancy. Mainly, to identify SUMO acceptor sites, 512
Strzalka and co-workers used Arabidopsis AtSUMO3, while we used AtSUMO1. 513 So, it could be possible that K164 is sumoylated only by AtSUMO1, while K254 514 can be modified by both AtSUMO1 and AtSUMO3. However, AtSUMO3 is an 515 unique SUMO paralogue that it is only present in a small clade of the 516 Brassicaceae (22). In addition, in order to analyse sumoylation Strzalka and co-517 workers generated Arabidopsis PCNA mutants replacing all but one of the 518 lysine residues by arginines, while in our approach we only replaced those 519 residues already proven to be sumoylated. So, we cannot rule out the possibility 520 that in method of Strzalka and co-workers, the overall structure of PCNA is 521 changed, which would interfere with the access of the sumoylation enzymes to 522 specific residues. In fact, their observation that five additional lysines (located in 523 the inner circle of the PCNA ring) can serve as SUMO acceptor site, suggests 524 that in the absence of the main acceptor sites SCE1 will accept any available 525 lysine as substrate. Such potentially unbiased sumoylation was previously 526 observed for FoxM1 (72). Furthermore, overexpression of the sumoylation 527 machinery in the presence of a target with only one lysine residue could result 528 in the generation of false positives, given that the stoichiometric conditions on 529 such reaction are bound to be far from physiological. However, we cannot fully 530 exclude that Arabidopsis and tomato PCNA could be partially sumoylated at 531 different residues. 532
Replication of the geminiviral genome fully relies on the host DNA replication 533 machinery, including PCNA and DNA polymerases. PCNA is essential for viral 534 replication (73) and expression of the corresponding gene is induced by the 535 presence of . Our results prove that Rep, besides binding to the 536 PCNA protein, also interferes with its sumoylation in all modifiable lysine 537 residues. This inhibitory effect of Rep was unique for PCNA, as it did not affect 538 SUMO attachment to the plant protein used as a control (CAT3). The fact that 539 18 PCNA sumoylation is also compromised when a Rep mutant is used that cannot 540 interact with the SUMO conjugating enzyme SCE1, suggests that reduced 541 SUMO conjugation of PCNA is not due to Rep inhibiting SCE1 enzymatic 542 activity, a mechanism previously described for the Gam1 protein of the CELO 543 virus (77). The results obtained when expressing the truncated forms of Rep 544 point to the PCNA-binding domain in Rep as a determining factor that results in 545 suppression of PCNA sumoylation. The results obtained by Bagewadi and 546 colleagues (54) , showing that Rep interacts with residues located all over the 547 PCNA molecule, could indicate the reduction of PCNA sumoylation is a 548 consequence of steric hindrance of SCE1 once Rep is bound to PCNA. This 549 scenario would fit with the model described by Mayanagi and colleagues, where 550 one PCNA interactor can block access of other interactors to the PCNA 551 molecule; steric hindrance would thus fine-tune and modulate PCNA function 552 (78) (79) (80) . Specific mutants of PCNA in which the Rep-PCNA interaction is lost, 553 will be required to confirm this hypothesis. 554
Sumoylation of PCNA is high in particular during the S-phase, where it would be 555 involved in suppressing undesired recombination events between newly 556 synthesized DNA molecules during normal fork progression. In yeast, PCNA 557 sumoylation recruits the DNA helicase Srs2 that inhibits recombination by 558 removing RAD51 from ssDNA, thereby disassembling an essential 559 recombination intermediate structure [reviewed in (81) ]. During replication, Srs2 560 aids in the repair of gaps by preventing ssDNA from being used to initiate 561 recombination. Deletion of Srs2 or mutations of PCNA that impair its 562 sumoylation, cause increased levels of HR (62, [82] [83] [84] . The mechanisms 563 mediated by Srs2 seem to be conserved in eukaryotes. Sumoylation of PCNA in 564 human cells recruits PARI, a Srs2 homolog that binds to RAD51 (51, 85). In 565 Arabidopsis, an Srs2 homolog was identified and shown to act as a functional 566 DNA helicase that can process branched DNA structures that occur during 567 synthesis-dependent strand annealing (SDSA) pathway of recombination. 568
These properties suggest that AtSrs2 might play a role in regulating HR in 569 plants, as predicted for its yeast homologue (86). 570
Several lines of evidence suggest that recombination is a key evolutionary 571 process to generate diversity amongst ssDNA viruses (87). Recombination 572 among geminiviral genomes has been extensively recorded for several 573 members of the family and seems to be a consequence of a general 574 enhancement of the recombination frequency upon infection [(88-93) The mechanisms of HR in ssDNA viruses remains poorly defined, but are most 581 probably strongly influenced by the ways in which these viruses replicate. 582
Geminiviruses replicate their circular ssDNA by three modes of action: 583 complementary strand replication (CSR), rolling-circle replication (RCR) and 584 recombination-dependent replication (RDR) (96, 97). It has been suggested that 585 RDR is a replication system by which host recombination factors are utilized for 586 geminiviral amplification and also lead to enhanced host DNA recombination 587 (95). Rep, the only viral protein that is essential for replication, is likely to have a 588 key role in the recruitment and assembly of this viral replisome, a protein-DNA 589 complex that includes both viral proteins and host factors involved in DNA 590 replication and repair, including those for HR [reviewed by (3)]. Besides its 591 interaction with PCNA, Rep interacts with a variety of proteins involved in 592 replication and/or HR processes such as RFC (98), RPA32 (99), Rad54 (100) or 593 Rad51 (101). The relevance of this HR replication mechanism for geminiviruses 594 has been highlighted recently by infecting an Arabidopsis RAD51D mutant with 595 the bipartite geminivirus Euphorbia yellow mosaic virus (102). The results 596 obtained showed that RAD51D promotes viral replication at the early stages of 597 the infection, and its presence is required for geminiviral recombination, since in 598 the absence of RAD51D a significant decrease of both intra-and intermolecular 599 recombinant molecules between the two DNA components of the bipartite 600 geminivirus was observed. The fact that, in a series of experiments to develop 601 geminivirus-based replicon for transient expression of Transcription activator-602 like effector nucleases (TALENs), it was found that expression of the Rep 603 20 homologue from geminivirus Bean yellow dwarf virus (BeYDV) increases the 604 frequency of gene targeting (103) points to the involvement of this protein in the 605 viral control of the HR mechanism. 606 Combining all our data, we propose that the interaction between Rep and 607 PCNA modulates the protein modification status of PCNA, thus switching its 608 cellular function to create an environment suitable for viral replication. Further, 609 we propose that the specific reduction of PCNA sumoylation, caused by the 610 action of Rep, is a key step to induce HR in both infecting geminiviral genomes 611 and the genome of the infected plant cells. We propose that during viral 612 replication Rep will interfere, possibly by its interaction with PCNA, with the 613 ability of SCE1 to attach SUMO to PCNA. As a consequence, Srs2 binding to 614 PCNA would be reduced, thus allowing maintenance of the Rad51-ssDNA 615 nucleoprotein filaments generated from exposed ssDNA, which in turn will 616 cause an increase in the level of HR recombination. Beside its effect on 617 increasing geminiviral recombination, a higher HR activity could also have an 618 effect on the geminiviral replication efficiency, since HR provides a mechanism 619 for tolerating lesions that block the progression of replication forks. 620
621
MATERIAL AND METHODS 622
General methods. 623
Manipulations of Escherichia coli strains and nucleic acids were performed 624 according to standard methods (104). E. coli strain DH5α was used for 625 subcloning. All the PCR-amplified fragments cloned in this work were fully 626 sequenced. E. coli NCM631 strain was used for the sumoylation assays. 627
Plasmids and cloning. 628
Supplementary Table 1 The polycistronic construct expressing Arabidopsis sumoylation E1 and E2 677 enzymes was generated as follows. AtSAE1, AtSAE2 and AtSCE1 were 678 amplified from Arabidopsis Columbia-0 cDNA and cloned in pET28b in order to 679 set them downstream of a RBS, yielding the plasmids pET28-AtSCE1, pET28-680 AtSAE1, and pET28-AtSAE2. Next, a restriction fragment of pET28-AtSCE1 681 was cloned into pET28-AtSAE2 to obtain pETSS and a restriction fragment of 682 pET28-AtSAE1 was cloned into pETSS to obtain pETSS1a. Finally, to transfer 683 the polycistronic construct to a vector with P15A ori and chloramphenicol 684 resistance, compatible with the other plasmids used in the sumoylation assays 685 in E. coli, a SphI/EagI fragment of pETSS1a was cloned into the SphI/EagI sites 686 of pACYC184 (106) to yield pASS1a. 687
The CDS corresponding to the mature proteins (GG) of Arabidopsis AtSUMO1, 688 2, and 3 were PCR amplified from Arabidopsis cDNA and cloned in pET28b to 689 obtain pET28-AtSUMO1, pET28-AtSUMO2, and pET28-AtSUMO3, 690 respectively. Restriction fragments of these constructs, containing ORF of 691 AtSUMOs fused to histidine tags were subcloned in pRHSUMO to substitute the 692 human HsSUMO1 ORF, obtaining pRHAtSUMO1, pRHAtSUMO2, and 693 pRHAtSUMO3. 694 23 Sumoylation assays with the mammalian enzymes were performed as 695 previously described by (56) . Plasmids expressing the potential sumoylation 696 target proteins, the sumoylation enzymes and the human SUMO1, were 697 sequentially transformed in E. coli. Expression was induced by adding 1mM 698 IPTG to the culture medium in the exponential growth phase (OD 600 =0.6). 699
Samples were taken 4 hours after induction and proteins were extracted as 700 described in (56). 701
The mammalian and Arabidopsis sumoylation E1 and E2 enzymes are encoded 702 in the plasmids pBADE12, and pASS1a respectively. Human SUMO1 and 703
Arabidopsis SUMO 1, 2 and 3 are fused to his tags and expressed from 704 plasmids pRHSUMO, pRHAtSUMO1, pRHAtSUMO2 and pRHAtSUMO3. In the 705 sumoylation assays with pGEX-AtCAT3, human SUMO1 is expressed from 706 pRKSUMO (56) instead of pRHSUMO. 707
In planta sumoylation assay 708
For the in planta sumoylation assay, the ORF of Solanum lycopersicum PCNA 709 (GenBank ID: NM_001247915, kindly provided by KeyGene N.V, Wageningen, 710
The Netherlands) was amplified (Table S2) mixed at a ratio 1:1:1 and co-infiltrated (in the sample without Rep the 728 pK7FWG2-Rep culture was replaced with a culture harbouring empty pGWB451 729 vector) in leaves of two-week old N. benthamiana plant at a final OD 600 = 1. In 730 addition, an A. tumefaciens strain carrying the pBIN61 with the P19 silencing 731 suppressor from Tomato busy shunt virus (TBSV) was added to every 732 infiltration mixture at an OD 600 = 0.5 at 2:1 ratio. Three days post-infiltration, the 733 whole infiltrated leaves of N. benthamiana were harvested, placed in a petri 734 dish on wet paper and heat shocked for 45 minutes while being floating in water 735 bath set at 37 o C in the dark. After this period, the leaf tissue was snap frozen in 736 liquid nitrogen and stored till protein extraction. 737
Plant proteins were extracted as described by (112) 
38.
Hanania U, Furman-Matarasso N, Ron M, Avni A. 1999. Isolation of a 899 novel SUMO protein from tomato that suppresses EIX-induced cell 900
